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Introduction
Control of robotic systems is vital due to the wide range of their applications and this system is non-linear multiinput and multi-output (MIMO). The main objective of robot control systems is to follow a reference trajectory, which involves the generation of a control signal to make error between the robot position and reference to zero (Gracia et al., 2012) . Non-linear control methodologies are more general because they can be used in linear and non-linear systems. These controllers can solve different problems with robustness i.e. invariance to system uncertainties and resistance to the external disturbances. The most common non-linear methodologies that have been proposed to solve the control problems are feedback linearization control, sliding mode control, adaptive control and artificial intelligence based methodology. SMC is the one of the best non-linear robust controllers to control robot manipulator, which has been analyzed by many researchers (Pilton and Sulaiman, 2012) .
This non-linear controller provides acceptable control performance with stability and robustness for non-linear systems (Iordanov and Surgenor, 1997; Slotine and Li, 1991; Utkin, 1992; Harashima et al., 1986) . However, conventional SMC used in wide range has certain disadvantages. Firstly, chattering problem, this can cause high frequency oscillations in the controller output, secondly sensitivity to input disturbances and parameter uncertainties. Chattering phenomenon can cause some problems such as saturation and heat in mechanical parts of robot manipulators. To reduce or eliminate the chattering, various papers has been presented by many researchers and classify it into two methods: boundary layer saturation method and estimated uncertain method (Ertugrul and Kaynak, 1998; Curk and Jenermik, 2001; Khalil, 2002) .
In recent years, artificial intelligence theory is being applied to SMC. Neural networks (NNs), Fuzzy logic and Neuro-fuzzy are combined with SMC and used in non-linear, time variant and uncertain plant. Some researchers applied fuzzy logic methodology in SMC to reduce the chattering (Barrero et al., 2002) and other researchers have applied sliding mode methodology in fuzzy logic controller (FLC) to improve the stability of system (Hang et al., 2003; Aloui et al., 2011) . In Sun et al. (2011) , the authors have addressed the robust trajectory tracking problem for a robot manipulator in the presence of uncertainties and disturbances. A neural network based sliding mode adaptive control (NNSMAC) which is a combination of sliding mode technique, neural network approximation and adaptive technique is designed for trajectory tracking of the robot manipulator. Authors, in Lin and Lenk (2008) , Moradi and Malekizade (2013) and Rossomando et al. (2013) developed a design method of recurrent fuzzy neural networks (RFNN) control system for MIMO non-linear dynamic system. In (Guoling et al., 2014) , the authors have addressed hybrid terminal sliding mode surfaces and a new fast decoupled terminal sliding mode control (FDTSMC) scheme.
The application of adaptive neural networks to robot manipulator is presented in Perez et al. (2012) which explain recurrent neural networks and Lyapunov function methodology. An adaptive type-2 FLC for flexible-joint manipulators with structured and unstructured dynamical uncertainties have introduced in (Chaoui et al., 2012) . In Abdel et al. (2011) , the author has proposed fuzzy partition to the state variables based on the Lyapunov synthesis. Authors in Zeinali and Notash (2010) and Ho et al. (2009) have presented a methodology that enables the designer to systematically derive the rule base of the control. In Kohrt et al. (2013) , authors have discussed on-line robust control for robot manipulator.
This paper presents a new adaptive SMC for 2DOF robot manipulator; an adaptive tracking controller with a PID sliding surface. The adaptive SMC algorithm can estimate the value of switching gain constant (K w ) and boundary layer thickness (ϕ) in real time. A PID sliding surface, instead of a conventional sliding surface is adopted. An adaptive PIDBSMC (APIDBSMC) that can handle different level of input torque disturbances is derived and the stability of the closed loop system is established. The numerical simulation is presented to verify the effectiveness of the proposed control scheme. It is seen that the proposed APIDBSMC scheme offers several advantages such as the consistent estimation of K w and ϕ large robustness to parameter variation and external disturbance. The remainder of this paper is organized as follows: Section 2 presents a description of robot manipulator, Section 3 presents the design and stability analysis of SMC controller, Section 4 presents ANFIS, Section 5 presents simulation results and discussions, and Section 6 summarizes the conclusions and contribution of work.
Description of robot manipulator
Dynamic equation of robot manipulator with n-degree freedom is represented as follows:
where q(t), q(t) and q(t) ∈ R n are the link position, velocity and acceleration vectors respectively. D(q(t)) ∈ R n×n is a symmetric positive definite inertia matrix, C(q(t), q(t))q(t) ∈ R n express the centrifugal forces, G(q(t)) ∈ R n denotes the gravity force, F (q(t), q(t)) ∈ R n include the friction terms, external disturbances and τ(t) is total input control torque to the robot manipulator (Spong and Vidayasagar, 2004) . Dynamic equation (1) can be written as:
Controller design and stability analysis

PID optimal controller design for robot manipulator
The PID controller equation can be described as:
where the error e(t) is (desired path (q d (t)) -actual path (q(t))), K p is n × n positive proportional gain matrix, K i is n × n positive integral gain matrix and K d is a n × n positive derivative gain matrix parameters to be selected. For 2 DOF robot manipulator, n = 2 and
The PID controller should provide a sufficient degree of stability for disturbances in input torque. The integral of position error should be minimized with different optimal control strategies (Tarokh and Zhang, 2014; Liu and Li, 2014) . The system optimum parameters depend on the definition of optimality. The main function of a feedback control system is to minimize the objective function J given in Eq. (4).
where J is the objective function value; e(t) is the error of position signal. Normally m = 2, b = 0, 1 and 2 represents three different optimum criterion Integral square error (ISE), Integral square time weighted error (ISTE) and Integral square time-squared weighted error (IST 2 E) respectively. The same Eq. (4) can be used to derive Integral absolute time error (IATE) by taking m = 1 and b = 1. Mean square of tracking error can be arbitrarily small by choosing appropriate design parameters (Ayoubi and Tai, 2012) . In optimal control design the controller parameters are obtained by minimizing certain predefined performance indices. These performance indices can be ISE, ISTE, IATE, IST 2 E or any user defined function as is taken in case of linear quadratic regulator (LQR). Usually conventional local search algorithm such as gradient decent, conjugate gradient decent etc. are used to minimize the given predefined performance indices. However, the convergence of this gradient based algorithms highly dependent on initial search point at the same time there is a chance that the solution may get trapped by a local minimum, especially for a multi performance index. These limitations of conventional local search can be addressed by the use of global search algorithms such as evolutionary computation (EC), genetic algorithm (GA), particle swarm optimization (PSO) or any other derivative free algorithms. In this paper PSO is taken into consideration to minimize the objective function. PSO is used to find the parameters such as PID parameters (K p , K i , K d ) and sliding control parameters (K w , λ, φ) of different controllers discussed in the paper.
1. Finding the optimal PID parameters K p , K i , and K d of the conventional PID controller. 2. Calculating the optimal parameters λ, K w and φ of SMC and BSMC controllers.
Calculating the optimal parameters
The method is based on a simplified social model, which is closely tied to the swarm theorem. The algorithm was introduced by Kennedy and Elberhart in 1995. Particle swarm optimization uses the velocity vector of each particle to update the position of each particle in the swarm (Liu and Wu, 2014) . The velocity of each particle based on the following Eq. (5) and defined as:
where w is called inertial weight, p i is the best position of particle i, p g k is the best position in the swarm k. The coefficients c 1 and c 2 are called cognitive and social parameters respectively. The r 1 and r 2 are random numbers between 0 and 1. Inertial weight under PSO is defined as w = 0.5 × (Z r ) + 0.5 × (rand) where Z r = 4 × (rand) × (1 − rand).
Design of sliding mode controller (SMC)
SMC is one of the influential non-linear controllers for linear and non-linear systems. It provides a methodological solution for two main important controller challenges, i.e. stability and robustness (Amer et al., 2011) . 
Conventional sliding mode controller
The block diagram of conventional SMC is shown in Fig. 1 . Total input control torque (τ(t)) to the robot manipulator is defined as:
where τ 0 (t) is the equivalent control torque and τ c (t) is the sliding mode control torque. A time varying sliding surface s(t) is given by the following Eq. (7) and defined as:
where 'λ' is positive constant, the main aim of this method is to keep s(t) near to zero. The purpose of sliding mode control law is to force the tracking error e(t) to approach the sliding surface and move along the sliding surface to the origin. Therefore, sliding surface should be stable, which means the error dies out asymptotically. This implies that the system dynamics tracks the desired trajectory. The derivative of sliding surface with respect to time can be expressed as follows:
where ë(t) = q d (t) − q(t) and substituting the value of q(t) from Eq. (2) in Eq. (9) gives as:
The control effort is derived from the solution ofṡ(t) = 0. This control effort is known as equivalent control effort represented by τ 0 (t), which is required to achieve the desired trajectory tracking without considering disturbances and uncertainties.
However, if unpredictable disturbances or uncertainties occur, the equivalent control effort (τ 0 (t)) cannot ensure the favorable control performance. Therefore, auxiliary control effort should be designed to eliminate the effect of the unpredictable disturbances. Finally, the sliding surface should be stable, which means the error dies out asymptotically. The Lyapunov like Lemma is used to prove the stability of the designed control system. The Lyapunov stability function is defined as:
A sufficient condition, which gives the guarantee that the tracking position error will translate from reaching phase to sliding phase is also known as the reaching condition and expressed in Eq. (14).
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To obtain the reaching control signal, Eq. (14) can be defined as:
Substituting Eq. (12) into Eq. (15), we get as:
To ensure s T (t)ṡ(t) < 0, the reaching control law is selected as:
Substituting Eq. (18) into Eq. (17), then the Lyapunov stability condition becomes as:
where |s(t)| = s T (t)sign(s(t)).
The 'sign' function, which is used in Eq. (18) creates more chattering effect on the control torque. In order to avoid the chattering effect, the 'sign' function is replaced by the 'tanh' (hyperbolic tangent) function and expressed in Eq.
The term 'S T (t)tanh(s(t))' in Eq. (22) is always positive, so that the entire equation becomes negative provided that s(t) satisfies the following conditions.
If s(t) is positive and tanh(s(t)) is also positive then s T (t)tanh(s(t)) is always positive. 2. If s(t) is negative and tanh(s(t)) is also negative then s T (t)tanh(s(t)) is always positive.
Finally, the reaching control torque (τ c (t)) is given in Eq. (23) and follows as:
where K w = diag{K w 1 , K w 2 } and it represents reaching control gain matrix with upper bound of uncertainties. Tuning positive time constant K w given Eq. (23) is one of the most important challenges in conventional sliding mode control. Based on discontinuous part the chattering phenomenon can lead to oscillations in the output. To reduce the chattering effect, the boundary layer method is used. In boundary layer method the basic idea is to replace the discontinuous function by a smooth saturation function near to a small neighborhood of the switching surface. This replacement causes an increase in performance error. Therefore, to compensate the error performance an updated control is needed. In this work the saturation function is considered as given in Eq. (24). Finally the SMC control law with boundary layer (BSMC) becomes as:
where K is defined as the positive gain matrix and it is defined as K = D(q(t))K w . Fig. 2 shows the block diagram for SMC control of robot manipulator with the PID sliding surface. In SMC, it is very important to implement sliding surface s(t) which is expected to provide desired control specifications and performance. The trajectories are enforced to lie on the sliding surface.
SMC with PID sliding surface and stability analysis
The PID sliding surface of tracking error is defined as:
The derivative of the sliding surface with respect to time is expressed as:
Substituting the Eq. (2) into Eq. (28), we get as:
The control effort is derived as the solution ofṡ(t) = 0, without the uncertainties to achieve the desired performance under nominal model is referred as equivalent control effort, represented by τ 0 (t).
(q(t))e(t) + D(q(t))q d (t) + [C(q(t), q(t))q(t) + G(q(t))
However, in case of unprintable disturbances or uncertainties, the equivalent control effort cannot ensure the favorable control performance. Therefore, auxiliary control effort should be designed to eliminate the effect of the unpredictable disturbance. For this purpose, the Lyapunov function can be chosen as:
The reaching condition can be defined as:
To obtain the reaching control signal for SMC with PID sliding surface controller is τ c (t) can defined as:
Substituting Eq. (32) into Eq. (36), we get as:
(37)
To ensure s T (t)ṡ(t) < 0, the reaching control law should be selected as:
where
d K w and K w is reaching control gain of sliding mode controller. Obviously, substituting Eq. (39) into Eq. (38), then we get as:
In order to avoid chattering effect, the 'sign' function in Eq. (39) is replaced by 'tanh' (hyper tangent) function.
Similar to Eq. (22), we can prove stability condition for above given Eq. (43) also. Finally the reaching control signal τ c (t) is given in Eq. (44) as follows:
Adaptive PIDBSMC design and stabilty analysis
In ANFIS using a given input/output data set, the tool box function constructs a fuzzy inference system (FIS) whose membership function are tuned (adjusted) using either a back propagation algorithm alone or in a combination with the least square type of method. Both artificial neural networks (ANN) and fuzzy logics are used in architecture. In the process of developing the ANFIS adaptive controller, the training was performed on the MATLAB environment by using ANFIS topologies under various input membership functions with various training data set under different disturbance conditions. Fig. 3 shows a block diagram of the ANFIS adaptive BSMC with PID sliding surface to the robot manipulator. Similar to Eq. (26), the sliding surface for adaptive PIDBSMC can be defined as:
From the Eq. (34), we can define the necessary conditions for Lyapunov stability as:
The stability of APIDBSMC can be proved from Eq. (43)
Finally, we can define the final control law developed by APIDBSMC is defined as:
. ., K WANFn } is adaptive switching is gain matrix and ϕ ANF is the boundary layer thickness of sliding mode controller.
From the Table 1 , it is observed that gauss2mf provides minimum training error for both cases. Finally the gauss2mf membership function used for designing of ANFIS network for SMC. Fig. 3 illustrates the framework of the ANFIS M. Vijay, D. Jena / Journal of Electrical Systems and Information Technology xxx (2016) xxx-xxx 9 adaptive BSMC with PID sliding surface. Here ANFIS model provides adaptive K WANF and ϕ ANF to the BSMC for different torque disturbance conditions.
Results and discussion
Simulation is carried out for the 2DOF robot manipulator in MATLAB and SIMULINK. Initially the optimum robot manipulator controller is designed for IATE, ISE and ISTE control strategies for different torque disturbance conditions. Results are obtained by tuning the parameters through a global search algorithm, i.e. PSO under various input torque disturbance conditions. Tables 2 and 3 show the conventional PID control tuning parameters resulted from PSO with IATE, ISE and ISTE control strategies for 5% and 10% disturbances. From above tables, it is observed that the model with ISTE control strategy gives minimum objective function values (i.e. 0.0168 and 0.0313 for 5% and 10% disturbances in input torque respectively) compared to IATE and ISE optimal control strategies. Finally ISTE control strategy has selected for further simulation works of robot manipulator. Table 4 shows the SMC parameters and objective function values for 5%, 7.5% and 10% torque disturbances resulting from PSO. Table 5 shows the BSMC parameters and objective function values for 5%, 7.5% and 10% torque disturbances resulting from PSO.
Figs. 4 and 5 show the response of robot manipulator link positions for 10% disturbance in input torque with ISTE optimum criterion under PID, SMC and BSMC methods.
The maximum operating torque (τ) under 10% input torque disturbance is 0.8 × 10e4 N m. For a 10% disturbance of input torque (i.e. 800 N m) the PID parameters obtained from PSO tuning of PIDBSMC are found to be, K p1 = 734.5, K i1 = 780.2, K d1 = 461.3, K p2 = 742.2, K i2 = 786.4 and K d2 = 106.1 as given in Table 6 . These tuned PID parameters given are kept fixed for all iterations, but sliding mode control parameters (K w and ϕ) are calculated by using PSO. For data generation K and ϕ are obtained for various disturbances ranging from 0% to 11% with a step size of almost 0.1% disturbance. Total 115 number of data (% of disturbance, K w and ϕ) are collected by PIDBSMC tuned by PSO. Among those data, 110 data had been used for training and rest 5 data used for testing the ANFIS controller. Here K WANF and ϕ ANF are tuned for various input disturbances ranging from 0 to 11%. Finally results of the APIDBSMC controller are compared with PSO tuned PIDBSMC controller in Table 7 .
Figs. 6 and 7 show the response of robot manipulator link positions for 10% disturbance in input torque with ISTE optimum criterion under PIDBSMC and APIDBSMC methods. From the figure it is clear that the tracking error is minimum for PIDBSMC compared to conventional PID, SMC and BSMC. using SMC and APIDBMSC proposed controllers. Fig. 10 shows the tracking error responses for 10% disturbance in input torque under PIDBSMC.
Conclusion
This paper discusses variation of SMC controller where the PID sliding surface is taken into consideration and controlling parameters are obtained by using PSO. The PSO is used to obtain the optimal PID parameters and sliding control parameters where the objective function for PSO is taken as the IATE, ISE and ISTE. Control performance of BSMC and PIDBSMC compared in terms of tracking error, disturbance rejection and elimination of chattering for different torque disturbance. As PIDBSMC parameters are obtained from PSO tuning in offline, is not suitable for real time system. Finally, it is concluded that, ANFIS based PIDBSMC can be used for real time control of robot manipulator where sliding control parameters are changed adaptively for giving good control performance under different input disturbances. The stability of the control system is rigorously guaranteed by Lyapunov stability theorem. In the future work it will be interesting and challenging to develop a control algorithm for 3DOF robot manipulator with model parameter uncertainties and various disturbances in torque.
